Selenium, a micronutrient, is primarily incorporated into human physiology as selenocysteine (Sec). The 25 Seccontaining proteins in humans are known as selenoproteins. Their synthesis depends on the translational recoding of the UGA stop codon to allow Sec insertion. This requires a stem-loop structure in the 3' untranslated region of eukaryotic mRNAs known as the Selenocysteine Insertion Sequence (SECIS). The SECIS is recognized by SECIS-binding protein 2 (SBP2) and this RNA:protein interaction is essential for UGA recoding to occur. Genetic mutations cause SBP2 deficiency in humans, resulting in a broad set of symptoms due to differential effects on individual selenoproteins. Progress on understanding the different phenotypes requires developing robust tools to investigate SBP2 structure and function. In this study we demonstrate that SBP2 protein produced by in vitro translation discriminates among SECIS elements in a competitive UGA recoding assay and has a much higher specific activity than bacterially expressed protein. We also show that a purified recombinant protein encompassing amino acids 517-777 of SBP2 binds to SECIS elements with high affinity and selectivity. The affinity of the SBP2:SECIS interaction correlated with the ability of a SECIS to compete for UGA recoding activity in vitro. The identification of a 250 amino acid sequence that mediates specific, selective SECIS-binding will facilitate future structural studies of the SBP2:SECIS complex. Finally, we identify an evolutionarily conserved core cysteine signature in SBP2 sequences from the vertebrate lineage. Mutation of multiple, but not single, cysteines impaired SECIS-binding but did not affect protein localization in cells.
Introduction
Selenium is an essential dietary micronutrient that contributes to several different cellular functions. As a result, selenium has been shown to participate in multiple aspects of human health including inflammation, 1 cardiovascular disease, 2 male infertility, 3 and muscle myopathies. 4 The biological effects of selenium are predominantly mediated through its use in the amino acid selenocysteine (Sec). Members of the protein family that contain selenocysteine are known as selenoproteins, of which there are 25 in humans. 5 While frank selenium deficiency is rare, even mild insufficiency can perturb the expression of the selenoproteome. Selenoproteins display differential sensitivity to selenium levels in the cell, with expression of some family members being preserved at the expense of others. 6 This hierarchy of expression differs among tissues in vivo and it is apparent that the cell must be able to distinguish between the various selenoprotein mRNAs. However, the mechanism(s) that controls the hierarchy remains poorly understood.
In order to accommodate selenocysteine insertion, multiple specialized alterations to the translational process must be made at the molecular level. The first challenge to selenoprotein expression is that selenocysteine is encoded by the UGA stop codon and therefore requires a translational recoding event to synthesize the protein. This also appears to place selenoprotein synthesis in competition with translation termination. The UGA recoding is strictly dependent on an RNA stem-loop structure, the Selenocysteine Insertion Sequence (SECIS), which is found in the 3' untranslated region of eukaryotic selenoprotein messages. 7 It also requires a specific elongation factor (EFSec), 8, 9 a Sec-tRNA (Sec) that is unusual both in its structure and synthesis, 10, 11 and SECIS-binding protein 2 (SBP2), an RNA-binding protein that mediates interactions of the selenocysteine insertion machinery with the selenoprotein mRNAs. 12, 13 Several other proteins involved in tRNA synthesis, selenocysteine recycling and regulation of recoding efficiency have also been identified, reviewed in. 14, 15 Thus, a complex cellular network is required to maintain the ability to incorporate selenocysteine into proteins.
Within this network, SBP2 is recognized as the master regulator of selenoprotein mRNA translation. The interaction between the SECIS element and SBP2 is absolutely critical for selenocysteine incorporation and mutations of either the RNA or protein can have pathological implications. A point mutation in the SECIS of Selenoprotein N (SepN1) mRNA inhibits SBP2 binding, causing the loss of SepN1 expression that results in a muscle myopathy. 16 Over the past several years, the presence of SBP2 mutations in several different families has been detected. [17] [18] [19] [20] [21] In general, affected patients usually have a combination of heterozygous mutations that are not completely functionally null, resulting in a partial SBP2 deficiency. This is not surprising given that the mouse knockout model of SBP2 is embryonically lethal, 22 as are several selenoprotein knockouts 23, 24 supporting the essential nature of some selenoproteins. The most common clinical phenotype is an unusual thyroid hormone profile, as the deiodinase proteins, which are integral to thyroid hormone signaling, are selenoproteins. However, patients can display a complex phenotype with a broad range of symptoms of varying severity depending on the nature of the mutation and its location within SBP2.
In humans, the SBP2 protein is 854 amino acids in length. All known functions of SBP2 can be ascribed to the C-terminal half of the protein (SBP2-CT). This includes the selenocysteine insertion, ribosome interaction and SECIS-binding activities. 25 Across the protein only a single conserved region of homology is identifiable, which corresponds to the L7Ae family of RNA-binding proteins. 25 The RNA-binding domain of SBP2 is a conserved bipartite motif that encompasses the L7Ae region, but also extends to include additional sequences. 26, 27 Disruption of SECIS-binding activity can negatively impact human health. We previously investigated the effect of a naturally occurring patient mutation within the RNA-binding domain and found that it impaired SECIS-binding activity. 26 Amino-terminal to the RNA-binding domain is an additional region that is required for UGA recoding. The precise mechanism of selenocysteine insertion, and the molecular interactions mediated by this region are still unclear, however this region is strictly required for selenoprotein synthesis. SBP2 is also a nucleo-cytoplasmic shuttling protein, and several import and export signals have been predicted across the protein, 12 ,28,29 a subset of which been functionally validated. 28 ,29 SBP2-CT is capable of shuttling, 28 suggesting signals in this region are sufficient to preserve the import and export activities. Currently, the role of the N-terminal region of the SBP2 is an area that remains largely unexplored.
Other than the L7Ae region, SBP2 demonstrates little homology to other proteins but does contain several short conserved motifs distributed across the length of protein. 30 The role of these motifs is unknown, although they distinguish SBP2 from its paralogue SBP2L. 30 The presence of several conserved regions outside of the RNA binding domain, as well as the discovery of multiple different patient mutations in SBP2 that impair selenoprotein synthesis provides a broad landscape that should inform our understanding of SBP2 structure and function. A mutation in a single allele is not generally sufficient to cause clinical phenotypes. [16] [17] [18] [19] [20] [21] The patients generally have different mutations on each of their SBP2 alleles such that they are compound heterozygous at their SBP2 locus. The presence of 2 independently acquired mutations confounds the analysis of the SBP2 defects in these patients. The contribution of each allele to the overall deficit in SBP2 function needs to be individually examined to understand the mechanistic defect in the mutant protein and as well as to understand their relative impacts on patient health.
In order to lay the framework for studies into mechanistic effects of SBP2 mutations found in patients, we wished to establish the most effective approach for analyzing the mutant proteins. Both bacterial expression and in vitro translation methods have been previously used to study SBP2-CT, but a direct comparison between the 2 approaches has not been done.
In this study, we performed a comparative analysis between SBP2-CT produced by cell-free expression using rabbit reticulocyte lysate (RRL) and bacterially expressed recombinant SBP2-CT. We demonstrate that the in vitro translated SBP2-CT has a higher specific activity than recombinant SBP2-CT, which will inform future experimental design. Previously, we showed that the RNA-binding domain of SBP2 produced by in vitro translation had the ability to discriminate between SECIS elements, a property known as selectivity. 26 The influence of other proteins in the in vitro translation reaction on the binding affinity or selectivity could not be excluded. In here, we show that a bacterially expressed protein comprised of amino acids 517-777 of the rat SBP2 are sufficient to bind a SECIS element with high affinity, and to discriminate between SECIS elements. Currently, the mechanism by which this occurs is not understood and any information derived from a successful structural analysis would significantly advance our understanding of selenoprotein synthesis. Our result that the RNA-binding domain is sufficient for a high-affinity, selective interaction with the SECIS also lays the groundwork for future structural studies on the SBP2:SECIS interaction. Finally, we explored the contribution of the cysteine-rich region to the RNA-binding activity of SBP2. Initial bioinformatic analysis in vertebrates revealed the presence of 5 highly conserved cysteine residues, which we define as the vertebrate cysteine signature. We examined the RNA-binding activity of proteins with individual or multiple cysteine to serine mutations across this motif. While this region is resilient to individual mutations, multiple mutations impact the ability of protein to bind to the SECIS. Thus, our results show that the evolutionarily conserved cysteine signature contributes to the RNA-binding activity of SBP2.
Results
In vitro translated SBP2-CT is more active than recombinant SBP2-CT Many laboratories, including ours, have used the SBP2-CT (amino acids 399-846 in the rat protein) for functional assays. 25, 27, 31, 32 SBP2-CT is sufficient to support selenocysteine incorporation in transfected cells and cell-free translation systems. Both in vitro translation and bacterial expression systems have been used to generate SBP2-CT for mechanistic studies. However, the potential influence of the production method on the functional activities of SBP2 has not been examined and differences in experimental approaches across studies do not allow for direct comparisons to be made. Therefore, we concurrently assessed the UGA recoding activity of both bacterially expressed and in vitro translated rat SBP2-CT proteins.
The Sec insertion activity of these proteins was analyzed using a luciferase reporter assay that detects translational readthrough of the UGA/Sec codon. The reporter construct contains a UGA at position 258 in the luciferase coding region and the Phospholipid Hydroperoxide Glutathione Peroxidase (PHGPx) SECIS element in the 3' UTR (luc/UGA/PHGPx) (Fig. 1A) . The luciferase reporter RNAs were translated in RRL, which contains very little SBP2. Thus UGA recoding, and luciferase activity are stimulated by the addition of exogenous SBP2. This assay, which is widely used in the field, has been validated to be specific for selenocysteine incorporation. 33, 34 As shown in Figure 1B , maximal luciferase activity was obtained using 80 nM purified bacterially expressed SBP2-CT, which is comparable to reports in the literature that range from 40-300 nM. [35] [36] [37] [38] [39] In contrast, 0.4 nM in vitro translated SBP2-CT generates an equivalent signal to 40 nM of recombinant protein (compare Figs. 1B and C), suggesting that the in vitro translated protein is significantly more active than the bacterially expressed protein.
In addition to measuring luciferase activity, we performed UGA recoding assays in the presence of 35 S-methionine to visualize the translation products by SDS-PAGE and autoradiography (Fig. 1D) . In the absence of exogenous SBP2, only the truncated luciferase was detected due to termination at UGA258. In agreement with the enzymatic assay, the full-length luciferase protein was detected when 40 nM bacterially expressed SBP2-CT was added to the reaction. A comparable signal was obtained with 0.4 nM of SBP2-CT translation product. Taken together, the data suggest that the specific activity of the SBP2-CT translation product is approximately 50 to 100-fold higher than the recombinant protein.
In vitro translated SBP2-CT discriminates among SECIS elements in a competitive UGA recoding assay
In the standard UGA recoding assay described above and in, 33 the RRL is primed with a single type of SECIS-containing RNA. We previously developed a competitive assay, which more closely mimics the cellular environment where multiple selenoprotein mRNAs compete for the limiting UGA recoding machinery. 26 In this assay, the luciferase reporter RNA containing the Dio1 SECIS element (luc/UGA/Dio1) is translated in RRL in the presence of in vitro translated SBP2-CT and different SECIS RNAs, which act as decoys. Previously, the activity of SBP2-CT was completely inhibited by 0.5 pmoles of SECIS RNA, which was the lowest amount that we tested. We have now modified the conditions by decreasing the amount of SECIS competitor RNAs (0.025 to 0.4 pmoles) to be within the linear range for the decoy effect. As shown in Figure 2 , the PHGPx SECIS was a better competitor than the Deiodinase 2 (Dio2) and Glutathione Peroxidase 1 (GPx1) SECIS RNAs. Luciferase activity was inhibited by more than 80% when the translation assays were performed in the presence of 0.2 pmoles of the PHGPx SECIS whereas a comparable reduction required 0.4 pmoles of the Dio2 SECIS. The GPx1 SECIS was a much less effective decoy since 0.4 pmoles caused only a 60% reduction in activity. This effect was specific for UGA recoding, as the same SECIS RNAs did not inhibit translation of a control luciferase RNA (data not shown). Thus, the SBP2-CT translation product can discriminate among SECIS elements in vitro.
Purified SBP2-RBD is specific and selective in the absence of additional factors Previously, we defined the RNA-binding domain of rat SBP2 as encompassing amino acids 517-777 (SBP2-RBD). 26 The in vitro translated SBP2-RBD was capable of discriminating between SECIS elements in an RNA electrophoretic mobility shift assay (REMSA). However, we could not exclude the possibility that other proteins in the RRL were facilitating the SECIS binding activity (specificity) and aiding in the differentiation among SECIS elements (selectivity). Indeed, it has been proposed that the SBP2: SECIS interaction may be stabilized by other factors present in RRL. 35 We decided to test whether bacterially expressed recombinant SBP2-RBD was capable of specifically and selectively interacting with SECIS elements in the same manner as the in vitro translated RBD. The SBP2-RBD was expressed as a His-tagged protein in bacteria, purified by nickel affinity chromatography, and analyzed for SECIS-binding activity by REMSA.
In our previous study with SBP2-RBD, we showed that the in vitro translated protein was specific for SECIS elements and did not interact with a mutant SECIS element. However, we could not determine an accurate K D since the translation product was not pure as it contained other proteins from the RRL. In order to determine whether amino acids 517-777 are sufficient to mediate high affinity SECIS-binding, we tested the dose-dependent binding activity of recombinant SBP2-RBD to the 32 P-labeled PHGPx SECIS in a REMSA (Fig. 3A) . Based on quantification of the signals corresponding to the free and bound probe, the protein binds with an apparent K D of 17.2 C/¡ 2.1 nM (Fig. 3B) .
In order to assess the specificity of binding, we performed REMSA competition experiments in which either wildtype or mutant PHGPx SECIS RNAs were added to the reaction in excess. Binding of purified SBP2-RBD to the 32 P-labeled probe was efficiently competed by the cold wildtype SECIS whereas a mutant SECIS that has a mutation in the SECIS core did not compete even at 160-fold molar excess (Fig. 3C) . Thus the SBP2-RBD:SECIS interaction is specific, even in the absence of additional cellular factors.
In order to analyze the ability of the RBD to discriminate between SECIS elements, we tested the relative ability of the SECIS elements from Dio2 and GPx1 to compete for SBP2-RBD binding. As shown in Figure 3C , the recombinant SBP2-RBD also showed selective SECIS-binding activity in the competition experiments. A 5-fold molar excess of the PHGPx SECIS reduced binding by 50% whereas the SECIS elements of Dio2 and GPx1 required 40-fold and 320-fold molar excess, respectively, for a comparable reduction. Thus the purified SBP2-RBD has a 60-fold higher affinity for the PHGPx SECIS than the GPx1 SECIS, which is comparable to what we observed with the in vitro translated SBP2-RBD. 26 Given the good agreement of these results, the ability to discriminate between SECIS elements is a property intrinsic to the RNA-binding domain and is not significantly influenced by other factors in the RRL.
Conserved cysteine residues in SBP2 are not individually required for RNA-binding Generation of multiple recombinant proteins can be very time-consuming and technically challenging depending on the protein in question. The above studies demonstrate the in vitro translated SBP2-RBD is specific and selective and thus, represents a versatile system in which to study relationships between protein structure and function. The ease of generating multiple mutant proteins in the cell free translation system encouraged us to investigate the importance of cysteine residues in the RNAbinding domain of SBP2. The SECIS-binding activity of SBP2-CT was previously shown to be sensitive to reducing conditions. 40 In the complete absence of DTT, little or no binding activity was observed. Pretreatment with oxidizing reagents diamide or N-ethylmaleimide also eliminated binding activity. 40 These observations suggest that free cysteines influence the RNAbinding activity of SBP2. Therefore, we decided to examine the contribution of cysteine residues in the RNA-binding domain of SBP2 to its SECIS-binding activity. Using the rat SBP2-RBD as a guide, we assembled a set of over 70 vertebrate SBP2 sequences and a smaller set of 12 metazoan sequences (supplemental Table 2 ). A sequence alignment was performed on the vertebrate and metazoan sets independently to identify conserved cysteines. In the vertebrate lineage, the number of cysteine residues in the RNA-binding domain of these sequences ranges from 5 to 11, with a mode of 7. The sequences from the primate lineage have only 5 cysteines, C626, C637, C684, C691 and C712, (numbering refers to the rat sequence). These five cysteines appear to constitute the core cysteine signature of the domain. Multiple sequence alignment across this distal portion of the RNA-binding domain (rat aa 612-756) demonstrates that these cysteines are conserved across all vertebrate species. The exception is C712 in the fish lineage, which has a conserved cysteine in the -1 position relative to C712 (Fig. 4A and Supplemental Fig. 1) .
The metazoan SBP2 proteins are very distinct from the vertebrate lineage, as they tend to be shorter (300-500aa), consisting primarily of the RNA-binding domain. Most invertebrate SBP2 sequences contain 6 to 8 cysteines across this region. However, only one is conserved across the set, which is positionally equivalent to C626. The cysteines at 684 and 711 (analogous to the fish) are also present in at least half of the set, as is a distal cysteine at 739, which is not present in the vertebrate lineage (Supplemental Fig. 2) .
We focused on the 5 core vertebrate cysteines, in the context of rat SBP2-RBD, to examine their contribution to SECIS binding. A set of 5 SBP2-RBD constructs was created where a single cysteine was changed to encode serine. The mutant proteins were expressed using in vitro translation with 35 S-methionine (Fig. 5A) and equimolar amounts were subsequently tested for the ability to bind to the SECIS element of PHGPx using a REMSA. As shown in Figure 5B , the SECIS-binding activity was not perturbed by the mutation of any individual cysteine residue.
Multiple Cys mutations in SBP2-RBD impair SECISbinding
Next, we investigated whether multiple cysteine mutations would affect the interaction of SBP2-RBD with the SECIS. The cysteine to serine mutations were made in combinations of 2, 3, 4, or 5, moving from left to right across the domain (Fig. 6A) . Each mutant protein was produced by in vitro translation with 35 S methionine (Fig. 6B ) and equimolar amounts were tested in a REMSA assay with the PHGPx SECIS (Fig. 6C) . In this experiment, the amount of wildtype protein used results in a maximal shift, with very little free probe remaining. This facilitates the detection of any deficiency in the RNA-binding activity. A mild reduction in SECIS binding is already apparent in the 2X and 3X mutant proteins, as shown by the appearance of free probe. However, the 4X and 5X mutants were further impaired as they show both a decrease in the protein:RNA complex, and an increase in the amount of free probe. The impaired ability of the mutant 4X and 5X proteins to bind to the RNA also permits a lower-affinity interaction to occur between the SECIS probe and an endogenous protein in the RRL, indicated by the asterisk. These results show that while the RBD can compensate for the loss of an individual cysteine, the mutation of multiple cysteines reduces the RNA-binding activity of SBP2.
Localization is not affected by the mutation of the cysteines in the RBD
In addition to RNA-binding, this cysteine-containing region has been implicated in the subcellular localization of SBP2. 29 The oxidation state of SBP2 contributes to the subcellular localization of the protein in HEK293 cells, as hydrogen peroxide treatment caused SBP2 to translocate from the cytoplasm to the nucleus at steady state. 29 An observed decrease in selenoprotein synthesis was attributed to the altered localization of SBP2. However, any additional effects on its RNA-binding activity were not investigated. It was suggested that the cysteine residues in this region are directly involved in the regulation of SBP2 nuclear export.
29 SBP2 has been shown to shuttle between the cytoplasm and nucleus with putative nuclear localization signals being identified. 12, 28, 29 One previously identified nuclear export signal (NES) is centered around C637 and a model was suggested where the NES is masked under reducing conditions through the formation of disulfide bonds.
In order to test this model, we analyzed the localization of the individual cysteine mutants as well as a 4x compound mutant (C626S,C637S,C691S,C712S) in the context of SBP2-CT. We observed the steady-state subcellular localization of these mutants when transfected into McArdle 7777 rat hepatoma cells. As shown in Figure 7A , wildtype SBP2-CT and each of the individual cysteine mutants are found in the cytoplasm. We also treated our cells with Leptomycin B, which inhibits nuclear export to see whether these mutations impaired the nuclear accumulation of SBP2-CT. None of the mutations affected the accumulation of the protein in the nucleus upon Leptomycin B treatment (Fig. 7B) , suggesting that their ability to shuttle between compartments is not significantly impaired. Finally, we also stressed the cells with hydrogen peroxide to see if the loss of the cysteine residues would affect the response to oxidative stress. However, as shown in Figure 7C , the SBP2-CT proteins were not translocated to the nucleus upon treatment with hydrogen peroxide. This difference from previous observations is likely due to cell type-specific differences, but may also be due to differences in the region of SBP2 included in the construct or the type of epitope tags added. We performed the same treatments on the 4x compound mutant (Fig. 8) , and obtained similar results to the individual mutants. These results suggest that the RNA-binding activity is not a major determinant of subcellular localization, given that the loss of multiple cysteines impairs SECIS-binding but does not alter the localization characteristics. Future studies will be required to investigate the cell-type specificity and cellular mechanisms that control the localization of SBP2. 
Discussion
Traditional biochemical analysis of the relationships between the structure and function of a protein usually depends on the purification of the protein from a bacterial or cell culture model. Several technical pitfalls may need to be overcome including optimization of expression conditions, potential toxicity of the expressed protein to the host system, or retention of insoluble protein in cellular inclusion bodies. These problems are not present in a cell-free protein synthesis system such as RRL. There are several technical advantages including that the time required to progress from vector to expressed protein is much faster, and that many different proteins can be generated at the same time.
In this study, we directly compared the UGA recoding activity of SBP2-CT produced in a cell-free system, to protein that was purified from bacteria. The specific activity from the in vitro translated protein was 50-100x greater than the recombinant protein. This difference is not attributable to additional factors in the in vitro translation product compared to the bacterial protein, as the recoding assay is itself performed in RRL, and the same complement of additional proteins would be present. However, there are other properties of RRL that may contribute to the increased activity of in vitro translated SBP2. First, a known drawback of bacterially expressed recombinant protein is the lack of eukaryotic post-translational modifications. In contrast, a variety of protein modifications have been described in RRL with examples that include phosphorylation, acetylation, glycosylation, ubiquitination, and isoprenylation (reviewed in 41 ) as well as sumoylation 42 and methylation. 43 The ability of RRL to Smethionine. (C) REMSAs of wildtype and mutant translated proteins using PHGPx SECIS RNA as the probe as described in Figure 3 . P, unbound probe; S, functional SECIS/SBP2 interaction; *, shift caused by interaction with an endogenous protein in the RRL.
perform a wide range of post-translational modifications may positively contribute to the activity of SBP2-CT.
Another benefit of the RRL system is the presence of molecular chaperoning activities, which facilitates the proper folding of the expressed protein. 44 Initial in silico analysis of SBP2 amino acid sequences predicted that the protein is largely unfolded, and that the only structured region is within the RNA-binding domain (aa 611-770). Several biophysical approaches confirmed that much of the SBP2 protein is disordered. 45 Additionally, SBP2 has been shown to interact in a complex with the chaperone heat shock protein 90 (Hsp90) in cell culture. Inhibition of Hsp90 in cells also prevents the accumulation of SBP2, suggesting a role for Hsp90 in the biogenesis of SBP2. 46 RRL contains abundant amounts of Hsp90 44, 47 and Hsp70, 44 which may facilitate the proper folding and expression of SBP2, thereby leading to a more active protein. Even in the absence of understanding the mechanism, it is clear that the in vitro translated SBP2-CT has greater activity and may provide a more sensitive platform for investigating the mechanism of selenocysteine insertion and for probing SBP2 function.
Our results also establish that amino acids 517-777 in rat SBP2 are sufficient to bind to the SECIS element with high affinity and specificity. Thus other sequences in SBP2 or factors in the cell are not required for this activity. A major challenge in the field is that the SBP2:SECIS structure has not been solved. Indeed, it has not been possible to obtain crystals of SBP2 alone or the SBP2:SECIS complex, presumably because SBP2 is an intrinsically disordered protein. 45 Even attempts with a truncated protein (starting at amino acid 525) have been unsuccessful. However, regions C-terminal to the RNA-binding domain are also expected to be disordered and may have interfered with attempts to crystallize the complex. Given that the RNA-binding domain alone is predicted to be structured, and is sufficient to mediate high affinity binding to the SECIS element, the ability to produce large amounts of highly purified bioactive SBP2-RBD should facilitate future structural studies on understanding how SBP2 discriminates between SECIS elements. SBP2 is considered the master regulator of selenoprotein synthesis and the protein has been shown to exhibit different binding affinities for selenoprotein mRNAs in vitro and in vivo. Whether these differences correlate with the efficiency of selenocysteine incorporation has not been directly explored. Donovan and Copeland proposed that there is no connection between SBP2 binding affinity and UGA recoding efficiency in vitro. 35 This conclusion was based on comparing the results from 2 independent studies, which analyzed different SECIS elements for either SECIS binding in a REMSA 35 or UGA recoding activity in RRL. 36 However, each study analyzed SECIS elements of different sizes (minimal SECIS of 100 nt versus 140 nt), which influences both the RNA-binding and recoding activities. The stoichiometry between the protein and RNA is different in both systems as well, which may also complicate a direct comparison. However, a potential issue common to both studies it that these experiments were done in a noncompetitive environment in which only a single type of SECIS element was tested. In contrast, when performed under competitive conditions, the hierarchy that we observed for both SECIS-binding and UGA recoding efficiency (PHGPx > Dio2 > GPx1) parallels the physiological importance of these selenoproteins. The disruption of the PHGPx gene in mice is embryonic lethal 23 whereas Dio2 knockout mice have a modest phenotype. 48, 49 Conversely, GPx1 knockout mice do not have an observable phenotype unless stressed. 50 Our data suggest that the ability of a SECIS element to inhibit UGA-recoding activity in RRL (Fig. 2) is directly related to the affinity of the SBP2:SECIS interaction (Fig. 3) . In terms of the competitive cellular environment, Squires et al. 51 analyzed the relative expression levels of selenoprotein mRNAs in vivo. PHGPx mRNA is highly expressed and more abundant than GPx1 and Dio1 mRNAs in most mouse tissues. This data confirms that the molar ratios used in our decoy assays are well within physiologically relevant ranges, as they are even lower than what would be predicted to exist in a cell. Given that the PHGPx mRNA is abundant and that SBP2 has a high affinity for its SECIS element, one can envision that PHGPx may be preferentially expressed over other selenoproteins in vivo. While SBP2 binding affinity may dictate UGA recoding in RRL, other factors likely contribute to the efficiency of selenocysteine incorporation in vivo, including the ability of the SECIS element to bind L30, undergo kinking, and interact with regulatory proteins such as nucleolin and eIF4a3.
Many selenoproteins are involved in the redox homeostasis of cellular environments.
14 A decrease in SBP2 levels leads to increased detection of reactive oxygen species in the cell, 52 in keeping with its role in the production of selenoproteins, which have a role in anti-oxidant defense. The initial characterization of SBP2 also showed redox effects on its function as its SECIS-binding activity required the addition of DTT to the reaction. 40 Additional experimental support was provided by Papp et al., 29 who demonstrated the presence of reversible disulfide bonds as well as a free thiol in the C-terminal part of SBP2 (aa584-854 of human SBP2). They also observed a change in subcellular localization in response to oxidative stress, although our results suggest that this is not uniformly true across all cell types. However, it appears that an elegant system exists where SBP2, the translational regulator of a class of anti-oxidant proteins, is susceptible to the oxidation state of the environment in multiple ways.
The conservation of a core signature of 5 cysteines across the vertebrate lineage suggests they play an important role in SBP2 function. In our study, in the context of SBP2-RBD, we show that individually disturbing the cysteine residues did not have an Figure 8 . Nucleo-cytoplasmic shuttling is not perturbed when RNAbinding is impaired. McArdle 7777 cells were examined for the localization of transiently transfected SBP2-CT 4X(Cys to Ser) mutant. Images were taken at 40x magnification. The SBP2-CT 4x(Cys to Ser) mutant protein was detected with an antibody directed against the V5 epitope tag, and the nuclei were detected with 4',6-diamidino-2-phenylindole (DAPI) stain. Leptomycin B and hydrogen peroxide treatments were performed as described in Figure 7 .
effect on binding to the SECIS. However, multiple cysteine to serine mutations did interfere with RNA binding. Several individuals with heterozygous SBP2 mutations have been described in recent years, including a proband who received an allele from his mother where the third of the 5 core cysteines was mutated to arginine (C691R, in human nomenclature; corresponds to C684 in rat). 20 While his mother was not described as symptomatic, her selenoprotein expression levels were uniformly decreased, suggesting that this mutation is sufficient to perturb selenoprotein synthesis. In our study, this mutation did not affect the binding of SBP2-RBD to the PHGPx SECIS, but we cannot exclude the possibility that binding to other SECIS elements could be affected. The mutation could also impact another SBP2 function such as binding to the ribosome, or facilitating interactions with other proteins involved in selenoprotein synthesis.
The ease of producing multiple different mutant proteins in a cell free system makes it a feasible method for rapidly interrogating the various regions of interest of SBP2. This can be driven both by in silico analysis of the protein sequence to understand the relationship between conservation and function, as well as the continued discovery of complex patient mutations. A cell free system presents the opportunity to compare the activities of each of the mutations alone or in combination. This approach will accelerate studies aimed at understanding the functions and regulation of SBP2, which may lead to improved approaches for treating the patients with genetic SBP2 deficiency in the future.
Materials and Methods

Reagents
The constructs for the in vitro translation of SBP2-CT (aa 399-846) and SBP2-RBD (517-777) are in the pcDNA3.1V5/ His construct (Life Technologies), as previously described. 25 For experiments using in vitro translated SBP2-CT in luciferase assays, the protein also contains the previously published M535A mutation to prevent the production of a truncated protein due to internal initiation. 26 The construct for bacterial expression of SBP2-CT has also been described elsewhere. 34 The SBP2-RBD region (aa 517-777) was cloned into pET200 Directional TOPO (Life Technologies) as a HIS 6 -and Xpress-tagged protein for bacterial expression, with purification conditions as previously described for SBP2-CT. 34 The cysteine to serine mutations at positions C626, C637, C684, C691 and C712 were generated using Dpn1-directed mutagenesis using the primers listed in Supplementary Table 1 . Briefly, primers containing the mutation of interest were used to amplify the parent plasmid. The resulting product was incubated with DpnI, which digests the template DNA. The remaining mutagenized DNA was transformed into Top10 cells and plated onto selective medium, and colonies were isolated and analyzed. All of the mutations were confirmed by DNA sequencing. Sequential rounds of mutagenesis were used to obtain the multiple mutants. The luciferase reporter constructs luc/UGA 258 /PhGPx and luc/UGA 258 /Dio1 have been previously described. 26, 33 The phospholipid hydroperoxide glutathione peroxidase (PHGPx), glutathione peroxidase 1 (GPx1), and deiodinase 2 (Dio2) SECIS probe sequences were also previously described. 26, 53 DNA sequences The sequences used in the multiple alignment of SBP2-RBD were obtained primarily from GenBank and Ensembl databases. Additional metazoan sequences were obtained from the supplemental data of reference. 30 A complete list of the organisms and their accession numbers is found in Supplementary Table 2 . The multiple alignment was performed with MUltiple Sequence Comparison by Log-Expectation (MUSCLE, http://www.edi.ac. uk/Tools/msa/muscle).
In vitro transcription
Plasmid DNAs were linearized and used as templates for in vitro transcription using T7 RNA polymerase as per manufacturer's guidelines (Ribomax T7; Promega). The transcription reactions were treated with DNAse I for 20 minutes and then phenol:chloroform extracted. The aqueous phase was passed through a Micro Bio-Spin P30 column according to manufacturer's instructions (BioRad). Radiolabeled PHGPx SECIS probe was synthesized using 1 mM GTP, 1 mM ATP, 1 mM CTP, 0.05 mM UTP and 25 mCi of 32 P-labeled UTP for 3 hours at 37 C. Probes were DNase I treated and cleaned as above, heated to 95 C for 2 minutes and slow cooled to room temperature.
In vitro translation
All in vitro translation reactions were performed in 70% rabbit reticulocyte lysate (Promega) as per manufacturer's suggestion. In order to generate SBP2-CT, reactions were assembled in a volume of 100 ml, and the reaction was programmed with 2 mg of mRNA. In order to label the SBP2-CT translation product, an amino acid mixture minus methionine and [
35 S]-methionine were used. The translation reaction was incubated at 30 C for 15-30 minutes. For the labeled reactions, a 2-ml aliquot of each translation reaction was resolved on an SDS-PAGE gel and quantitated by PhosphorImager analysis. The concentrations were determined by comparison with known standards. Calculations were performed using a concentration of 5 mM cold methionine in the RRL lysate as indicated by the manufacturer (Promega) . We also compared the SBP2 translation products synthesized in the presence of cold methionine or 35S-methionine and analyzed the products by SDS-PAGE and Western blotting. As shown in Supplementary Figure 3 , there was no statistically significant difference in the amount of protein produced under the 2 conditions.
In vitro selenocysteine insertion assay
In vitro translation reactions were assembled for a total volume of 25 ml, including complete amino acid mixture and 100 ng of luc/UGA 258 mRNA in the presence or absence of SBP2-CT. The reactions were incubated at 37 C for 30-60 minutes as indicated. Each reaction was tested in triplicate by adding 2.5 ml of the translation mixture to 50 ml of luciferase substrate (Promega) and reading the sample for 10 s in a PerkinElmer Victor. 3 To examine the effect of multiple SECIS elements as decoys, increasing amounts of SECIS RNA was added to the translation reaction as indicated.
RNA electrophoretic mobility shift assays (REMSA)
For direct binding studies with SBP2-RBD, the PHGPx SECIS probe was synthesized as described above. Ten femtomoles of radiolabeled probe was incubated with increasing amounts of bacterially expressed SBP2-RBD. The reaction conditions were as previously described. 54 For the competition reactions, REMSA were performed with 10 ng of purified bacterial SBP2-RBD and increasing concentrations of unlabeled SECIS RNA were added in excess, as indicated. Complexes were resolved on 6% non-denaturing polyacrylamide gels in Tris-Glycine-EDTA buffer. The gels were dried, and the appearance of complexes was analyzed on a PhosphorImager. ImageQuant software was used to quantify the percent of probe that was bound by the protein. For analyzing the binding activity of the cysteine to serine mutants, 2.5 ng of in vitro translated proteins were analyzed for binding to the PHGPx SECIS as previously described. 26 Cell culture, transfection and treatments McArdle 7777 rat hepatoma cells were obtained from ATCC. All cells were cultured in a monolayer in Dulbecco's Modified Eagle's Media (DMEM) with 4.5 g/L glucose and 10% FBS in 5% CO 2 at 37 C. The transfection reactions were performed on cells seeded on coverslips at 2.5 £ 10 5 cells in 6-well plates, using 500 ng of plasmid DNA per reaction and ExGen transfection reagent (Fermentas) according to manufacturer's instructions. Cells were analyzed 48 hours post-transfection. For the Leptomycin B and hydrogen peroxide experiments, cells were preincubated with cycloheximide at 10 mg/mL to inhibit new protein synthesis. The cycloheximide treatement was maintained upon the addition of 2 ng/mL Leptomycin B or 1 mM hydrogen peroxide and cells were further incubated for 2 hours prior to analysis.
Immunofluoresence Cells grown on coverslips were washed with phosphate buffered saline (PBS) and fixed 4% paraformaldehyde for 30 minutes. After washing with PBS, cells were permeabilized with 0.2% Triton X-100 in PBS for 5 minutes at room temperature with gentle mixing. Cells were washed twice with PBS and then incubated with 3% bovine serum albumin (BSA)/0.1% Tween in PBS for 60 minutes. The cells were then incubated with an anti-V5 antibody (Life Technologies) at 1:200 dilution in 3%BSA/0.1%Tween for one hour at room temperature. The samples were washed twice in PBS followed by incubation with the anti-mouse Alexa Fluor 488 at 1:200 for one hour (Life Technologies). Cells were washed twice and mounted in ProLong Antifade mounting buffer with DAPI (Life Technologies) and left to cure overnight. Images were captured at 40x magnification on a Leica DM5500B upright microscope (Leica Microsystems, GmbH) using ImagePro Plus software (MediaCybernetics).
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